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Expanding the Toolbox for Supramolecular Chemistry: Probing
Host-Guest Interactions and Binding with in situ FTIR
Spectroscopy

Shiva Moaven,? Douglas A. Vander Griend,” Darren W. Johnson,** Michael D. Pluth**

Association constant (Ka) measurements provide fundamental information on host-guest interactions in supramolecular
chemistry and other areas of science. Here we report the use of in situ FTIR spectroscopy to measure the K, values across
three classes of host-guest complexes that involve hydrogen bonding and halogen bonding. This approach can be performed
with minimal sample preparation, does not require deuterated solvents, can measure association based on changes in host
or guest vibrations, and benefits from a much shorter timescale than NMR spectroscopy. Due to its fast timescale, FTIR
spectroscopy also provides details on host/guest conformational changes, such as the presence of unsymmetrical host
conformations that are not in the ideal binding conformation until treatment with a suitable guest. These changes would
not be observable by standard time-averaged NMR titration measurements. Using this approach, we demonstrated the
capabilities and challenges of this technique to investigate host-guest interactions of three anion receptors that use
hydrogen or halogen bonding with both mono- and polyatomic anions. In addition to directly observing how host-guest
interactions impact bonding within the individual molecules, we also demonstrate that global fitting of the FTIR spectra is
an effective and robust approach to measure Ka values of these host-guest complexes. We anticipate that this method will

provide a new and useful approach to investigating the dynamics and specific interactions across broad areas of science.

Introduction

Supramolecular chemistry plays important roles across
many research areas including biomedicine, sensing, drug
delivery, catalysis, and other disciplines.” For systems in which
host-guest interactions govern the final properties of the
system, understanding the individual supramolecular
interactions between specific components, including the
strength of the association constant (Ka.), provides a
quantitative measure of host-guest complexation. Such binding
interactions are commonly measured by well-established
methods, such as NMR, UV-vis, and fluorescence spectroscopy.
Although perhaps less widely used, isothermal titration
calorimetry (ITC) can also provide binding information,
including direct information on other thermodynamic
parameters such as enthalpy (AH) and entropy (AS) of the host-
guest complexation.810

One common challenge in investigating host-guest
interactions is choosing a method that pairs with the common
analytical approaches for measuring binding affinities. For
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example, the need for specific NMR-active nuclei for NMR
titrations, and chromophores or fluorescent species are
generally required for UV-vis and fluorescence measurements,
although dye-displacement approaches have also been used to
need.? NMR

spectroscopy often provides more details on the structural

circumvent this Among these techniques,
changes of the host and guest molecules during guest binding
resulting from chemical shifts due to hydrogen bonding, 7z~
stacking, or other changes in host or guest conformation.
Unfortunately, NMR spectroscopy, which is commonly used in
the majority of supramolecular host-guest measurements,
provides only a time-averaged snapshot of structures in
solution. This timescale complicates interpretations when guest
exchange or dynamic conformational changes occur faster than
the NMR timescale.l! By contrast, optoelectronic spectroscopic
techniques, including UV-vis and fluorescence spectroscopy,
provide binding information with a much faster timescale
corresponding to electronic transitions, but require the
presence of suitable chromo/fluorophores that are sufficiently
responsive to host-guest interactions, although the global
fitting of spectroscopic data is sensitive to nearly any change in
electronic structure. In addition, these spectral changes often
only occur in larger conjugated systems, rather than individual
bonds or isolated small molecule/ion interaction motifs, which
lowers both the generality and the structural information
available from these techniques for investigating host-guest
chemistry. Similarly, although fluorimetry can be used to
improve sensitivity over UV-vis measurements, it reports on the
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excited state host-guest structure, which can result in additional
complications if host- or host-guest exciplexes are formed.

In contrast to the above spectroscopic methods, infrared
(IR) spectroscopy provides both individual bond
information and a fast timescale that should provide powerful
insights into changes in structure, electronics, and other
interactions upon host-guest binding. The fast timescale
corresponding to individual bond vibrations provides another
advantage that allows for the dynamics of complex processes to
be monitored.12 13 As an example of this impact, biophysicists
have used this technique to understand the dynamics of
biomolecules and study the different states of those
molecules.’#16 |n addition, in situ FTIR spectroscopy has been
used more broadly to investigate functional group changes for
kinetic and mechanism measurements in organic, inorganic,
and organometallic chemistry.17-21

FTIR has been used previously to investigate host-guest
interactions in both solid and solution states. Most prior
solution-state examples used individually prepared samples
with different host-guest ratios to measure K, values. These
studies have typically focused on direct observation of N—H or
O-H vibrational changes associated with guest binding.22-2> We
are unaware, however, of prior examples using in situ FTIR to
measure real-time changes in host-guest dynamics during the
course of titrations to measure binding affinities. Using in situ
approaches significantly reduces sample preparation
requirements and allows for continuous monitoring of host-
guest changes during the course of a titration, thereby bridging
the gap between IR measurements and common titration
techniques. Motivated by this opportunity, we demonstrate
here the utility of this technique to investigate host-guest
interactions and measure K, values. We highlight this approach
in three different types of anion binding receptors including
those using hydrogen bond (C—H and N-H) and halogen bond
(N-Br) interactions. We also highlight the benefits of this
approach to investigate how binding impacts the bonding

level

interactions in polyatomic anionic guests.

Results and Discussion
C-D/H---X" Interactions in Imidazolium Hosts

A key requirement of using IR to measure binding events is
for these interactions to occur in a region of the IR spectrum
void of other major competing vibrations. One particularly good
region is from 1800-2500 cm™1, which is often referred to as the
“transparent window” due to the limited number of vibrations
that appear in this spectral region. Relevant to host-guest
chemistry, this region provides an ideal window to investigate
vibrational changes in carbon—deuterium (C-D), cyano (C=N),
alkyne (C=C), thiocyanate (SCN), and azide (N3) stretches.14
Based on these parameters and the growth of C—H based
receptors for anions, we reasoned that hosts with C—D bonds
involved in anion binding could be monitored directly using in
situ FTIR.

To start with a model proof-of-concept system, we chose to
investigate the imidazolium host D-IPr-PFe (Figure 1a) based on

2 | Chem. Sci., 2025, 00, 1-3

the simple binding environment and previously demanstrated
1:1 host:guest binding with anions.26 T®!biéttero oMkt 3the
hydrogen bonding interactions in the system, we selectively
exchanged the imidazolium C—H to a C—D bond (vcp = 2314
cm™1). Although the molar absorptivity of the C—D stretch is low
(<10 M~1cm™1), these vibrations are directly involved in anion
binding and should show large shifts when interacting with
guests.?’

We titrated D-IPr-PFg with tetra-n-butylammonium (TBA)
salts of CI-, Br-, and I-in anhydrous acetone and monitored the
changes by in situ FTIR spectroscopy (Figure 1a). Upon addition
of 6 equiv. of CI-, we observed a shift of the C—D stretch from
2314 cm™ to 2130 cm™, which matched the 184 cm! redshift
in the solid-state samples between the two salts (Figure S40),
suggesting similar interactions in solution and in the solid state.
We also observed similar shifts in C—D stretches upon treatment
with Br- and |- centered at 2168 cm™! and 2200 cmT,
respectively. The smaller redshifts for complexes with Br~ (146
cm~1)and I- (114 cm™1) are attributed to the weaker interactions
between the host and the heavier halides. These shifts in C-D
stretches also highlight the potential for differentiating
between the halide anions by monitoring changes in the
stretching frequency of a C—D bond.

Having demonstrated that the C—D stretching frequency is
sensitive to anion binding in D-IPr-PFs, we next wanted to
determine whether these shifts could be used to measure
binding affinities. We titrated D-IPr-PFs with TBACI in anhydrous
acetone and monitored the resultant changes in the FTIR
spectrum (Figure 1b). We observed a shift in vcp from 2314
cm~! to 2130 cm™! as expected. We used SIVUU,2832 which has
been an effective and accurate approach for analyzing titration
data from a variety of supramolecular host-guest systems,33-38
to analyze and globally fit the IR spectrum from 2350-2000 cm~1
to measure K, values. Importantly, this approach allows for
small changes throughout an entire spectral region to be
included into the global fitting, rather than solely one peak of
interest. In addition, this method allows for 95% confidence
intervals (Cls) to be modelled through numerical bootstrapping,
which further improves the robustness to these measurements.
In general, these Cls are asymmetric with larger uncertainty on
the exergonic side of the equilibrium due to the mathematics of
the bootstrapping process. In addition, these uncertainties are
larger than often-reported standard deviations because they
take into account variances in the global fitting, rather than just
standard deviations from individually measured values.
Performing this analysis for D-IPr-PF¢ treated with TBACI
provided a K, of 1372 (13, 95% CI [9, 15]) M~ (Table S1, Figures
S7-8), which puts this initial experiment in a medium binding
regime ([H]K, =0.048 M x 13 M1 = 0.6).3°
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Figure 1. (a) in situ FTIR spectra of D-IPr-PF¢ treated with different
TBAX (X = ClI-, Br-, and I") salts in acetone. The new C-D stretch for
each host-guest complex is highlighted and color coded. in situ FTIR
titration spectra of TBACl and D-IPr-PFs were recorded in anhydrous
acetone (48.3 mM) at 296 K. Panels (b) and (d) show FTIR spectra
and changes in absorbance of vc_p upon titration of TBACI. Panels
(c) and (e) show FTIR spectra and changes in absorbance vy_cp upon
titration of TBACI.

In addition to changes in the C-D stretching frequency, we
also observed significant changes in the imidazolium C-N
vibration at 1518 cm™1, which is weakened by the increased
participation of the C—D bond in guest binding. Upon addition
of CI-, we observed both an intensity decrease and a new red-
shifted vibration at 1508 cm~! (Figure 1c). Fitting these features
provided a K, value of 351'% M-1 (Table S1, Figures S6, S9). In
fitting the data from these experiments, we excluded points
from the 1800-1650 cm~! range due to the large absorbance
from the solvent carbonyl group. To ensure that the features
being fit were related to the imidazolium C—N groups, we
repeated these experiments with H-IPr-PFs. In this system, we
observed the C—N stretching of the free host is centered at 1540
cm™1, which redshifted to 1536 cm™! upon titration with Cl- and
resulted in a K, value of 9f§8 M-1 (Table S2, Figures S10-12).

This journal is © The Royal Society of Chemistry 20xx
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To validate the in situ FTIR binding data, we alsg,measyred
the binding affinities by 1H NMR spectro$tepip- Tittdtiornsdware
performed on both D-IPr-PFg and H-IPr-PFg with Cl-and revealed
Ka values of 210%139 M- and 210F3° M1 (Tables S10, S12,
Figures S32, S33), respectively, and still in the medium binding
regime since these titrations were carried out at 1.5 mM. We
attribute the differences in K, values from the NMR and FTIR
titrations to the necessity of using highly concentrated (due to
weak signals) samples in in situ FTIR titrations. Both host and
guest salts are ionic and at 48 mM concentration, their activity
coefficient can deviate from ideal behavior. As an example, the
mean activity coefficient (y:) of TBABr in acetone at 25 °Cis 0.25
and 0.05 for 0.016 M and 0.30 M concentrations, respectively.4®
These differences in activity suggest that higher ion-pair
concentrations are present under the FTIR experimental
conditions. To test this hypothesis, we performed additional 1H
NMR titrations with 48.9 mM of H-IPr-PFs to normalize the ionic
strength and measured a K, value of 39735 M-t (Table S14,
Figure S34), which was ~6-fold lower than the value measured
at 1.5 mM and better matched the K, values measured by in situ
FTIR, confirming that these values are affected by the ion-
pairing of both host and guest complexes. To better simplify
comparisons between NMR and FTIR measurement techniques,
we next investigated uncharged host compounds to better
evaluate this technique for measuring association constants.

N-H-:-X" Interactions in tris(urea) tren-based hosts

Based on our observation in the D/H-IPr-PF¢ system that
changes in the C—N stretches, which are not directly interacting
with the guest, could also be used to measure K, values we
expanded to urea-based receptors to determine whether the
strongly IR-active carbonyl group could be used to monitor
guest binding. The large dipole moment of the C=0 results in
significantly more intense stretches than the C—D/C—H bonds
used to investigate binding in the D/H-IPr-PFs system. We chose
to focus on tren-based tris(urea) compounds, which have been
extensively studied for anion binding and transport.#1-4¢ These
hosts bind different oxyanions, such as sulfates, phosphates,
nitrite, nitrate, and carbonate, with most binding investigations
being evaluated by 'H NMR and UV-vis spectroscopy. Based on
the strong interaction of the N—H bonds of the urea with the
guest upon anion binding, we expected that guest binding
would result in significant changes to the urea C=0 stretch,
which could be measured directly by in situ FTIR to determine
K values.

To test this hypothesis directly, prepared a
p-CF3-trentris(urea) receptor (Figure 2),*2 which we expected

we

would allow us to use lower concentrations than in the D/H-
IPr-PFg system due to the 20-30 times more intense C=0 stretch
when compared to the C-D stretch.*” The C=0 stretching region
of p-CFs-tren tris(urea) spans from 1720-1640 cm™, and
Gaussian deconvolution of this non-symmetric region showed
two distinct peaks centered at 1702 cm~! and 1680 cm~1, with
relative integrated intensities of 2.2 to 1.0, respectively (Figure
S13). These peak ratios suggest that one urea is interacting
intramolecularly with the carbonyl group of another urea group

Chem. Sci., 2025, 00, 1-3 | 3
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on the adjacent arm, causing a >20 cm™! redshift in the
hydrogen bonded C=0 stretching frequency. This observation
further supports that these receptors prefer a nonsymmetrical
conformation as shown in Figure 2, which would otherwise be
time-averaged into a single peak using NMR spectroscopy. This
observation highlights the utility of in situ FTIR in better
understanding the structural changes of flexible compounds
such as the tren tris(urea) anion receptors.
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Figure 2. in situ FTIR titration spectra (left) and plot of absorbance
changes (right) for p-CFs-tren (tris)urea with (a) TBANO;, (b)
TBAHSO,, and (c) TBAOCN in anhydrous 20% DMSO in MeCN at 298
K.

1 2
equiv. TBAOCN

We investigated three different oxyanions for in situ FTIR
titrations, including HSO4~, NO3~, and OCN-. Prior studies have
shown the high affinity of the tren tris(urea) compounds for
tetrahedral anions such as sulfates and phosphates, and lower
affinity towards the trigonal nitrate anion. Based on these prior
results, we selected TBAHSO, and TBANOj3; as strongly and
weakly binding anions, respectively. We also chose to
investigate TBAOCN because the vibrational frequencies of the
OCN- anion can be monitored directly in the 1800-2500 cm™
region of the IR spectrum, allowing for changes in OCN- bonding
to be investigated directly upon binding to the host. Upon
treatment of the host with each anion, we observed significant
changes in the C=0 stretch of the receptor with a decrease at
1680 cm~! and a concomitant increase of a new feature at 1702

4 | Chem. Sci., 2025, 00, 1-3

cm~! corresponding to formation of the host-guest,complex.Jo
measure the K, values, we fit the entifO1IEH30/DEEHErPA
region, which primarily includes changes in C=0 and C=C
stretching (Figure 2).

Prior 1H NMR and UV-vis titration studies with the p-CFs-tren
(tris)urea host and its analogs showed minimal to no binding
with NOs~ indicating weak interactions with this anion and/or
minimal spectral changes allowing for binding measurements.*%
42,48 Repeating these measurements using in situ FTIR titrations
of TBANOs3 with the host, revealed change in the C=0 stretch
upon guest addition (Figure 2a). Additionally, increasing the
NOs~ concentration decreased the feature at 1680 cm™1, which
is consistent with disruption of the intramolecular interaction
between the two arms of the receptor to favor tripodal anion
binding. After reaching equilibrium, the feature corresponding
to intramolecular H-bonding is still visible, indicating that the
weak interaction between the host and guest does not fully
outcompete this intramolecular stabilization. Data fitting of
four titration measurements resulted in a K, value of 74135 M1
(Table S3, Figures S14-16), which was substantiated by IH NMR
titration data that provided a K, value of 523 M- (Table S16,
Figure S35) under similar conditions (~14 mM, 25 °C). Both
titration experiments showed comparable binding affinities and
correlated well with the previously reported results in the
literature.

Similar to the NOs~titration, the addition of TBAHSO,4 to the
host resulted in a decrease in the C=0 feature at 1680 cm1.
These changes plateaued after 0.5 equiv. of HSO,~were added,
which is consistent with 2:1 host:guest binding (Figure 2b). We
also observed a new intense feature at 1610 cm™!
corresponding to the C=C stretches of the p-CF3-phenyl rings.
Titration data further supported the 2:1 host:guest model,
providing a K, value of 540,000127700°°° M~ (Table S4, Figures
$17-519) for this receptor and HSOZ, which is similar to the
reported values in the literature.?® In addition, we further
validated this binding using 'H NMR titrations under similar
conditions, which provided a K. value of 490,000%%50:000 M
(Table S18, Figure S36), confirming the utility of in situ FTIR for
measuring both strongly and weakly interacting complexes. This
model also suggests that the significant changes in the C=C
stretch (compared to NO3~and OCN-) of the p-CF3-phenyl rings
can result from m-itinteractions when the anion is encapsulated
between two host molecules. We note that only with global
fitting of entire spectra can one hope to zero in on a binding
constant in such a strong binding regime, which also contributes
to the extremely high upper confidence boundary in this binding
regime.3°

Using the same receptors, we also wanted to determine
whether in situ FTIR could be used to measure changes in guest
stretching upon binding to a host. By using the strong OCN-
stretching between 2100-2200 cm™, we monitored both
conventional (guest into host solution) and reversed (host into
guest solution) titrations to better track changes in both the
host C=0 and guest stretches. During the conventional
titrations, we observed intense changes in the stretching
frequencies of the C=0 groups (Figure 2c), which were fit to a
1:2 (host:guest) model with K11y = 27002;'00000 M-t and Ka(1:2)

This journal is © The Royal Society of Chemistry 20xx
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= 37+220 M1 (Table S5, Figures $20-522). A broad feature at
2148 cmlis present at lower OCN- concentrations (Figure S20),
and a second feature at 2140 cm™! grows in after reaching
equilibrium. These two features correspond to bound and free
OCN-, respectively. The change in vibrational frequencies
between the free and bound anions is due to the change in the
charge localization on the oxygen atom and the resultant
increase in CN bond order.
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Figure 3. (a) Binding scheme and (b) in situ FTIR titration of p-CF3--
tren (tris)urea (12.7 mM) into TBAOCN in anhydrous 20% DMSO in
MeCN at 298 K.

Reversing the order of the titration, the single feature at
2140 cm! corresponding to free OCN- was observed, which
shifted to 2148 cm™! upon host addition (Figure 3). We
measured the K, values from the reverse titrations to be
250018299 M-tand 170%22° M1 (Table S6, Figures S23-S25) for
the 1:1 and 1:2 (guest:host) binding modes, respectively, which
match the values measured by H NMR spectroscopy of
22005830 M-t and 10%2° M1 (Table S20, Figure S37). These
experiments not only show the utility of the in situ FTIR for
measuring the association constants but also help understand
different structural changes in the receptors and the polyatomic
anions.

N-Br---X~ Interactions in Halogen Bond Donor

Building from these results, we also wanted to demonstrate
the utility of the in situ FTIR approach to investigate less
conventional non-covalent interactions, such as halogen bond
(XB) systems. As a simple test system, we chose
N-bromosuccinimide (NBS) due to the presence of the two
carbonyl groups near the N-Br group, which should provide
strong C=0 stretching signals. The highly polar N-Br bond
should bind to halides, which is supported by prior solid-state
structures of NBS interacting with CI- and Br- in 2:1 and 1:1
ratios.*?

Upon treatment of NBS with TBACI and TBABr in MeCN, we
observed significant changes in the C=0 stretching between
1700 and 1750 cm~(Figure 4). By increasing the concentration
of the TBAX salts, the signal intensity of the free NBS C=0
groups centered at 1726 cm™! started to diminish and a new

This journal is © The Royal Society of Chemistry 20xx
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feature centered at 1696 cm~! emerged. This patternissimilar
to what was observed for the imidazoliuRPHEStOAW@ Trdicates
an interaction between NBS and anion. When interacting with
anions via halogen bonding, the bond order in the NBS C=0
groups decrease, which subsequently results in a red-shifted
feature. Using a global fit of this data, we determined that NBS
forms a 2:1 complex with both anions with K, values of
26,000173%%, M and 13,000%35%° M-t for CI- and Br,
respectively (Table S7, Figures S26-528; Table S8, Figures S29-
S31). NBS binding to Br~ also results in a color change to form a
light-yellow solution. This change in absorbance was used to
also measure the K, value by UV-vis spectroscopy, which
revealed a K, value of ~11,000 M-1, although the uncertainty in
this measurement was larger than the value making it
statistically insignificant (Table S21). These results further
highlight the utility of in-situ FTIR to obtain the K, values for less-
common classes of non-covalent interactions such as XB donors
and demonstrates its potential to be used for other types of
non-covalent interactions such as chalcogen and pnictogen
bonding.

(a) 60
60 ‘e=0
1 i %, ©1726 em* (i._,)
T 550 o 1696 cm'*
?‘:’_5& ‘o0 "°_50 00 o lna) o © © ©
< a o i
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Figure 4. in situ FTIR titration spectra (left) and plot of absorbance
changes (right) for NBS titrated with (a) TBACI and (b) TBABr in
MeCN at 298 K.

Conclusions

In this study, we demonstrated the applicability of in situ
FTIR spectroscopy for measuring K, values of different host
guest systems that predominantly interact through hydrogen or
halogen bonding. This approach can be used in combination
with other common methods to obtain additional or new
information on host-guest interactions across different host and
guest types. We showed the potential of this technique to
differentiate between halides by studying changes in the C-D
stretches in hydrogen bond donating receptors. We also found
that C=0 and CN stretches near hydrogen and halogen bond
donors were sufficiently sensitive to assess binding. This

Chem. Sci., 2025, 00, 1-3 | 5
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technique also provides detailed information on the
conformational and electronic changes in both host and guest
compounds, which is often difficult to obtain through other
commonly used spectroscopies focused on host-guest
interactions. We also showed that this method can also be used
to study less conventional non-covalent interactions such as
halogen bond donors. Finally, this study demonstrates the
compatibility of this technique for K, measurements of neutral
compounds and its potential to be used as a complementary
method with NMR or UV-vis titration techniques for K
measurements and dynamic studies on flexible host or guest
compounds. The higher host/guest concentrations needed for
FTIR investigations compared to other
spectroscopic techniques, may make this approach challenging
for very strongly binding systems. However, it also offers a
significant advantage for studying systems that form weaker
interactions, allowing for significant titration data to be
acquired and fit in binding regimes that are often difficult to
measure with other conventional titration methods. For
systems in which strong IR absorbances are present in the host
or guest (particularly if common NMR nuclei are absent or
chemical shifts are obscured from fast exchange or overlapping
signals), we anticipate that in situ IR can be used as a valuable
approach to gain additional information on host/guest bonding
as well as intermolecular interactions. The commercial
availability of ready-to-use systems may further advance the
inclusion of these systems as useful tools for measuring
different host-guest interactions.

in situ when
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